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FOREWORD 
T h i s  r e p o r t  w a s  prepared  a t  Southwest R e s e a r c h  Insti tute 
under  NASA C o n t r a c t  NASA 9-7510. The work  w a s  a d m i n i s t e r e d  by 
the S t r u c t u r e s  and Mechanic Division, NASA Manned Spacecraf t  
C e n t e r ,  Houston, T e x a s  77058, with D r .  W. R. Downs serv ing  
as  Technical  Monitor. 
This  r e p o r t  c o v e r s  w o r k  p e r f o r m e d  in the per iod f r o m  
August 29, 1967 through October 16, 1967. 
Acknowledgment is  given to M r .  W. R. H e r r e r a  and 
M r .  W. R. Blackstone for a s s i s t a n c e  in the planning of the e x p e r i -  
m e n t s ,  to Mr .  R. D. Die te r t  f o r  conducting the exper imenta l  
study, and to M e s s r s .  R. G u e r r a  and W. Nation for  the i r  able  
a s s i s t a n c e  in the experim.enta1 a s p e c t s  of th i s  study. 
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ABSTRACT 
The  r e s u l t s  of these impingement  e x p e r i m e n t s  revea led  
no combustion init iation fo r  any of the spec imens  tes ted.  T h e s e  
included the Kapton-covered Mylar  superinsulation blanket ,  the 
Mylar  superinsulat ion with the Kapton c o v e r  removed,  and the 
Kapton c o v e r  a lone,  and the Velcro  s t r i p  alone. T h e s e  e x p e r i -  
m e n t s  involved: (1) the rapid ejection of cryogenic  oxygen 
through an or i f ice  by 900 and 1200 ps i  helium with t a r g e t  
spec imens  located in ambient  air 2 - 3 / 4  inches  f r o m  the 
or i f ice ,  and (2) the rapid r e l e a s e  of 1500 p s i  oxygen g a s  through 
a rupture  d i s c  fitting with t a r g e t  spec imens  located in ambient  
air 2 - 1 / 4  inches f r o m  the th roa t  of the fitting. 
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I, INTRODUCTION 
The purpose  of this exper imenta l  study h a s  been to 
explore  exper imenta l ly  the fire h a z a r d  situation which could 
arise upon accidental  rup ture  of a p r e s s u r i z e d  container  of 
liquid o r  gaseous  oxygen. Specifically, the object ives  w e r e  
to d e t e r m i n e  experimental ly  the effect  of impingement  of 
1500 ps ia  c o m p r e s s e d  oxygen g a s  and of 900 psia  cryogenic  
s u p e r c r i t i c a l  oxygen against  Mylar  superinsulat ion in air a t  
15 psia .  If combust ion were  init iated by such impingement ,  
supplementary object ives  w e r e  to include impingement  in a 
6 ps ia  air environment  and de termina t ion  of the threshold 
air environment  p r e s s u r e  f o r  combust ion init iation by such 
impingement ,  
It is the purpose  of th i s  r e p o r t  to p r e s e n t  the r e s u l t s  
of this  study. 
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11. EXPERIMENTAL PROGRAM 
A Mate r i a l  s 
The spec imen  m a t e r i a l s  used  in this  expe r imen ta l  study 
w e r e  obtained f r o m  a Kapton encapsula ted  blanket  of a luminized  
Myla r  superinsulat ion provided by NASA. Blanket  spec imens  
w e r e  cu t  to a s i ze  of about 3 by 4 -1/2 inches ,  and the Ve lc ro  
s t r i p  (pile) w a s  used  a s  is  (2 by 6 inches)  after removing edge 
s t i tches .  All  spec imens  w e r e  used as  r ece ived  without c leaning,  
and no spec ia l  p recaut ions  w e r e  taken to avoid contaminat ion 
due  to  handling. Hence ,  t hese  s p e c i m e n s  m a y  be cons ide red  to 
be in a d i r t y  ( m o s t  f lammable)  condition. 
The oxygen used  in  t hese  impingement  t e s t s  w a s  obtained 
eomrne rc i a l ly  in h igh -p res su re  g a s  cy l inde r s  a t  a pur i ty  of 
99.5oJo. A s  d ikcussed  subsequently,  the cyrogenic  oxygen w a s  
at ta ined by condensat ion of this  gaseous  oxygen by cooling the 
oxygen r e s e r v o i r  with liquid ni t rogen.  
B. Appara tus  and P r o c e d u r e s  
An a p p a r a t u s  w a s  a s s e m b l e d  which could r igidly suppor t  
spec imen  m a t e r i a l s  (a t  var ious  d i s t ances )  perpendicular  to the 
t r a j e c t o r y  of a n  impinging s t r e a m  of liquid o r  gaseous  oxygen. 
Di f fe ren t  fluid d e l i v e r y  s y s t e m s  w e r e  used  f o r  the c ryogenic  
and noncryogenic  f lu ids ,  a s  i l l u s t r a t ed  in F i g u r e s  1 and 2 ,  and 
these  are  d e s c r i b e d  a s  follows. 
Ga s e ou s Im Ding e m  en t 
Init ially,  a n  or i f ice  plate  w a s  provided in  the rup tu re  d i s c  
fi t t ing (downst ream of the rup tu re  d i s c ) .  A s e r i e s  of p r e l i m i n a r y  
e x p e r i m e n t s  w a s  conducted using this  a r r a n g e m e n t  to exp lo re  
gaseous- impingement  p r e s s u r e  e f fec ts .  T h e s e  e x p e r i m e n t s  
uti l ized a q u a r t z  p iezoe lec t r ic  t r a n s d u c e r ,  located 2 inches  f r o m  
the or i f ice  plate  in  l ieu  of a t a r g e t  spec imen.  T h r e e  or i f ice  
s i z e s ,  0 , 0 2 0 ,  0 . 0 4 0 ,  and 0 . 0 6 0  inches ,  w e r e  used with nickel  
rup tu re  d i s c s  having a 1500 p s i  rup tu re  p r e s s u r e .  The r e s u l t s  
indicated a shock-wave p r e s s u r e  r i s e  followed by v e r y  low 
equi l ibr ium o v e r p r e s s u r e s  which w e r e  so  s m a l l  that  they w e r e  
obscured  by background noise.  
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ARGET SPECIMEN 
LENOlO VALVE 
2-1/2’ L I T E R  HIGH PRESSURE 
HELIUM RESERVOIR 
ORIFICE 
HOUSl NG GASEOUS OXYGEN I N L E T  
CHECK VALVE 
DE WAR 
FLASK 
30-ml LIQUID OXYGEN RESERVOIR 
FIGURE 1. 
GASEOUS OXYGEN IMPINGEMENT APPARATUS 
I 
5/16" ID RUPTURE.- 
DISC FITTING 
FIGURE 2. 
LIQUID OXYGEN IMPINGEMENT APPARATUS 
. f 
12 LITER HIGH PRESSU 
OXYGEN RESEWOIR 
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In view of these indications,  the following approximate  
theoret ical  re la t ions  w e r e  employed for  es tabl ishing an appropr ia te  
or i f ice  s ize .  
F o r  c r i t i ca l  flow of a g a s ,  the m.ass  r a t e  of d i scha rge  
is given by 
where  
W = m a s s  flow rate 
C = or i f ice  discharge coefficient 
A, = th roa t  a r e a  of or i f ice  
P = upstream. absolute p r e s s u r e  
T = ups t r eam absolute t e m p e r a t u r e  
M = molecu la r  weight of gas  
y = specific heat ra t io  of gas  
R = gas  constant  
g = fo rce -m.as s  conversion constant 
Now, when a j e t  impinges on a f l a t  sur face  (no rma l  to the je t  
axis), the maximum force which could be exer ted  on a n  im- 
pingement su r face  a r e a ,  A ,  by momentum exchange is: 
where  
F = maximum. force which could be exerted by 
j e t  impingement 
A = im.pingem.ent a r e a  norm.al to j e t  axis 
V = hypothetical velocity of j e t  at impingement  
a r e a  (without mom.entum exchange) 
p = hypothetical densi ty  of expanded gas  at 
impingement  a r e a  (without momentum exchange)  
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F o r  adiabatic expansion of je t  without en t ra inment  of surrounding a i r ,  
where  T and P r e p r e s e n t  the hypothetical absolute  t e m p e r a t u r e  and 
p r e s s u r e  of the expanded gas a t  the impingement  s u r f a c e  (without 
momentum exchange) ,  Therefore ,  
By combining the foregoing re la t ions ,  a s s u m i n g  unit o r i f i c e  
d i s c h a r g e  coefficient,  the following relat ion is obtained as a n  
e s t i m a t e  of the maximum possible  impingement  f o r c e  (without 
en t ra inment  of surrounding a i r ) ,  assuming that the e n t i r e  j e t  
impinges  on the a r e a ,  A ,  
In o r d e r  to r e n d e r  th i s  e s t i m a t e  m o r e  r e a l i s t i c ,  the above 
relat ion is  modified by cor rec t ing  the expanded j e t  veloci ty  a t  
the impingement  s u r f a c e  to that which would be observed':' iLi s 
turbulent f r e e  j e t  expanding f r o m  a n  or i f ice  of d i a m e t e r ,  D o  
(with en t ra inment  of surrounding a i r ) ,  through the impingement  
ta rge t  d i s tance ,  L, giving 
The c r o s s  sectional a r e a ,  A ,  of a f r e e  turbulent 
j e t  at  a d i s t a n c e ,  L, from a n  or i f ice  of area,  A ,  m a y  b e  estimated>g 
as  
The  a v e r a g e  impingement o v e r p r e s s u r e  within the impingement  a r e a ,  
A ,  of the ta rge t  s u r f a c e  can then be es t imated  as 
Pi = F / A  
.E <:. 
P e r r y ,  J .  H . ,  ed ,  "Chemical E n g i n e e r s '  Handbook", fourth e d . ,  
McGraw-Hill  Book C o , ,  I n c . ,  New York,  1963, p. 5-18. 
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T h e r e f o r e  
This  Latter re la t ion e s t i m a t e s  the a v e r a g e  impingement  
o v e r p r e s s u r e  exer ted  by a turbulent free j e t  of g a s  aga ins t  a f la t  s u r -  
face n o r m a l  to the j e t  axis and located a d is tance  L ,  f r o m  the j e t  
or i f ice .  This  es t imated  o v e r p r e s s u r e  is  believed to  be conserva t ive  
(in e. , l a r g e r  than actual)  because of the s t e p s  involved in i t s  der ivat ion.  
In ac tua l  c a s e s  the impingement a r e a ,  A ,  would be g r e a t e r  than that 
e s t i m a t e d  f o r  a f r e e  je t ,  Such area enlargement ,  which could 
r e s u l t  a s  the ac tua l  j e t  impinges and i s  deflected by the t a r g e t  
sur face  , would lead to a s m a l l e r  impingement  o v e r p r e s s u r e .  
Using these  relat ions,  the es t imated  equi l ibr ium o v e r -  
p r e s s u r e s  a t  a 2 - inch target d i s tance  f o r  the previously 
d i s c u s s e d  exper imenta l  s e r i e s  of or i f ices  are  l e s s  than 0,1 p s i  
f o r  1500 p s i  u p s t r e a m  of the or i f ice ,  which a g r e e s  with the s m a l l  
o v e r p r e s s u r e s  observed.  On the b a s i s  of these  r e s u l t s ,  the 
gaseous  impingement  device w a s  rev ised  to a l low operat ion with a 
5/16 inch I. D o  
plate) a t tached d i r e c t l y  to a 2 - l / Z  l i t e r  h i g h - p r e s s u r e  g a s  
r e s e r v o i r  as i l lus t ra ted  in F i g u r e  1. The es t imated  o v e r p r e s s u r e  
i s  100 p s i  at  a t a r g e t  dis tance of two inches f o r  this device  with 
a 1500 p s i  g a s  supply p r e s s u r e .  
rup ture  disc fitting (without a d o w n s t r e a m  or i f ice  
Liquid Im ping e m  en  t 
Cryogenic  oxygen impingement t e s t s  w e r e  conducted using 
the a p p a r a t u s  i l lus t ra ted  in  F i g u r e  2 ,  Rather  than at tempting to 
fi l l  the r e s e r v o i r  with liquid oxygen, the device w a s  i m m e r s e d  in 
liquid nitl-ogen, and the r e s e r v o i r  (and assoc ia ted  tubing) w a s  
fi l led by allowing p u r e  oxygen to condense.  During this  con- 
densing - filling operat ion,  the or i f ice  fitting w a s  t e m p o r a r i l y  
c losed with a rubber  stopper to  avoid condensat ion of air o r  
m o i s t u r e  within the system. Once the s y s t e m  w a s  full  of Liquid 
oxygen and all bubbling i n  the l iqu id  ni t rogen bath had c e a s e d ,  
the r u b b e r  s topper  w a s  removed f r o m  the or i f ice  fi t t ing,  and 
helium p r e s s u r e  w a s  suddenly applied to the liquid oxygen 
r e s e r v o i r  by m e a n s  of a solenoid valve located a t  the outlet  of 
a 2 - 1 / 2  l i t e r  h igh-pressure  he l ium r e s e r v o i r .  
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C. Ex pe r im.e r? tal T e s t s 
Gaseous Oxygen 
A s e r i e s  of gaseous impingement  t e s t s  w a s  conducted 
using 1500 p s i  nickel  rup ture  d i s c s  f o r  achieving rapid r e l e a s e  
of the c o m p r e s s e d  oxygen. These  expe r imen t s  employed the 
following t a rge t  spec imens ,  respect ively:  Kapton covered Mylar  
blanket ,  Mylar  blanket with Kapton cover  r emoved ,  Kapton cove r  
a lone ,  single shee t  of Mylar superinsulat ion,  and the white Velcro  
strip(pi1e) alone. Except  fo r  the Velcro  s t r i p ,  the b l a s t  effect  
of the impinging oxygen s t r e a m  tore  the spec imens  into sma l l  
p i eces  (in the case of the mul t i layer  spec imens ,  only the f i r s t  
few layers  w e r e  thus "shredded") without evidence of combustion. 
In the case of the Velcro s t r i p ,  t he re  was  no evidence of 
any effect  of the impingement.  The t a rge t  spec imens  used in 
this  s e r i e s  of exper iments  are  summar ized  in Table 1 .  
Severa l  to rn  pieces of Kapton and aluminized Mylar  
w e r e  examined microscopical ly ,  and f o r  the mos t  p a r t ,  the 
edges  of the f r agmen t s  appeared as  clean f r a c t u r e s .  In a few 
ins t ances ,  localized regions w e r e  observed  where  the plast ic  
appea red  to have experienced plast ic  flow in the f r a c t u r e  region. 
In such reg ions ,  the torn edge appeared  to have softened, and 
f iber - l ike  s t r ands  of "drawn" substance w e r e  v is ib le  a t  i r r e g u l a r  
i n t e rva l s  along the edge. In view of these  observa t ions  (with 
both Kapton and Mylar)  an additional exper iment  was  conducted using 
a Kapton-covered Mylar blanket spec imen,  but the h igh -p res su re  
gaseous  oxygen w a s  replaced with nitrogen. Again,  the s a m e  
type of drawn f i b e r s  were  vis ible  in some locat ions along the 
f r a c t u r e  edges,  Therefore ,  the occur rence  of these f i b e r s  cannot 
n e c e s s a r i l y  be t raced  to the rma l  e f fec ts  s temming f rom the 
impingement  of pure  oxygen. 
9 
TABLE 1. IMPINGEMENT EXPERIMENTS WITH 
SUPERINSULATION 
KAPTON-COVERED MYLAR 
Conditions: Gas  - 1500 psig 
T e m p  - Room ( rup tu re -d i sc  -actuated 
r e l e a s e  a t  2 -1 /4  inch t a r g e t  
dis tance ) 
Exper iment  No. 
1 
2 
3 
7 
T a r g  et Ma te r i a l  
My1 a r  Super insulation 
Only 
Impi ng erne nt Gas 
Oxy g en 
Kapton Cover Oxygen 
Single Sheet of Mylar  
Super  ins ulat ion 
Oxygen 
Velcro  S t r ip  Only Oxygen 
Velcro  Str ip  Only Oxygen 
Kapton-covered Mylar  
Supe r insulat ion 
Kapton-covered Mylar  
Superinsulation 
Oxygen 
Nitrogen 
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Cryogenic  Supercr i t ica l  Oxygen 
A s e r i e s  of exper iments  w a s  conducted in which s u p e r -  
c r i t i c a l  oxygen w a s  impinged a g a i n s t  s p e c i m e n s  which w e r e  init ially 
a t  room t e m p e r a t u r e  i n  ambient  air. In these  t e s t s ,  the contents  
of the LOX r e s e r v o i r  ( >  30 m l )  w e r e  d i s c h a r g e d  through the or i f ice  
by the sudden application of h i g h - p r e s s u r e  helium to the l iquid- 
fi l led r e s e r v o i r  by m e a n s  of a solenoid valve.  In each c a s e ,  a 
s t r e a m  of liquid oxygen was c l e a r l y  v is ib le  until the r e s e r v o i r  (and 
a s s o c i a t e d  tubing) w a s  empty. Two e x p e r i m e n t s  w e r e  conducted 
using 900 psig helium and a 0 .005  inch d i s c h a r g e  or i f ice .  The 
t a r g e t  specimen c o m p r i s e d  a sect ion of the Kapton-covered 
superinsulat ion blanket (not c leaned)  i n  two of these  t e s t s ,  and a 
sect ion of the aluminized Mylar blanket  with the Kapton removed 
in the third exper iment .  No evidence of combust ion w a s  de tec ted  
in these  exper iments .  The th i rd  e x p e r i m e n t  w a s  repea ted ,  using 
a 0 . 0 2 0  inch d i s c h a r g e  or i f ice ,  and aga in ,  no combustion was  
detected.  A final s e r i e s  of t h r e e  e x p e r i m e n t s  w a s  then conducted 
using the 0.020 inch orifice with a hel ium driving p r e s s u r e  of 
1200 psig. The t a r g e t  specimen for  the f i r s t  t e s t  in this series 
w a s  the white Velcro  s t r i p  removed f r o m  the back of the Kapton- 
covered  blanket. The  last two t e s t s  used the Mylar  superinsulat ion 
blanket,  with and without the Kapton c o v e r ,  as  a t a r g e t  specimen.  
In no c a s e ,  w a s  there  any  evidence of combustion. The t a r g e t  
s p e c i m e n s  used f o r  this s e r i e s  of e x p e r i m e n t s  a re  s u m m a r i z e d  
in Table  2. 
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TABLE 2. IMPINGEMENT EXPERIMENTS WITH KAPTON- 
COVERED MYLAR SUPERINSULATION USING CRYOGENIC 
ACTUATED RELEASE) 
SUPERCRITICAL OXYGEN (SOLENOID- 
Exper imen t  T a r g e t  Dis tance ,  Driving P r e s s u r e ,  
No. in. psig T a r g e t  Ma te r i a l  
I 4 
2 2-314 
3 2-314 
4 2-314 
5 2-314 
2-314 
2-314 
900 Kapton Cover  
On1 y 
90 0 Kapton Cover  
On1 y 
900 Mylar  Supe r -  
insulation Only 
900 Mylar  Supe r -  
insulation Only 
1200 Velcro  S t r i p  I 
On1 y 
1200 Mylar  Supe r -  
insulat ion Only 
1200 Kapton-Cover  ed 
Mylar  Supe r -  
ins ulation 
. 
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111. CONCLUSIONS 
The r e s u l t s  of these expe r imen t s  did not r evea l  com-  
bustion initiation by impinging oxygen in liquid o r  gaseous  fo rm.  
In the c a s e  of a rupturing oxygen con ta ine r ,  i t  is possible  that 
solid f r agmen t s  of the container wall  (o r  insulation) could be 
presenL as flying shrapnel ,  F o r  such cases,  the high-velocity 
d e b r i s  p a r t i c l e s  would r ep resen t  a d i r e c t  physical  haza rd  to 
equipment  and personnel  and a l s o  could subject  m a t e r i a l s  to 
impac t  heating in the presence  of oxygen. Simulation of 
such s i tuat ions was  beyond the scope of th i s  study. However ,  
i t  i s  understood that Mylar fi lm has  been successfu l ly  
subjected to extensive liquid oxygen s e r v i c e  appl icat ions which 
possibly include mechanical-  shock environments .  Both Mylar 
and Kapton f i l m s  have been subjected to liquid oxygen impact  
t e s t s  in a p r o g r a m  sponsored by the United S ta tes  A i r  F o r c e , l  
with only a low-level reaction intensi ty  being observed.  This  
reac t ion  intensi ty  is  somewhat g r e a t e r  than the (background) 
intensi ty  m e a s u r e d  for  Teflon, and i t  i s  significantly l e s s  than 
that obse  ved with acetate  and phenolic f i lms .2  It h a s  been 
suggested that the successful  use  of Mylar  with liquid oxygen 
in mechanica l -  shock environments  ind ica tes  that s e r v i c e  con- 
d i t ions  are  not s e v e r e  enough to cause  reac t ion ,  o r  e l s e  that 
r eac t ions  occur  without sufficient intensi ty  to be self sustaining. 
In e i the r  event ,  these experiences suggest  a low probabili ty that 
Mylar  o r  Kapton combustion would be init iated by flying 
shrapnel .  On the other  hand, because  the na ture  of the shrapnel  
'I 
1. Blackstone,  W. R . ,  Babe r ,  B . B . ,  and Ku,  P. Me , "Development 
of New T e s t  Techniques for  Determining the Compatibil i ty of 
Ma te r i a l s  with Liquid Oxygen under Impact" ,  AFAPL-TR-67-41, 
Southwest R e s e a r c h  Insti tute,  F e b r u a r y ,  1967. 
2 ,  It should be noted that the impact  t e s t  r e f e r r e d  to i s  d i f fe ren t  
f r o m  the s tandard  NASA and Ai r  F o r c e  t e s t  methods.  The 
r e fe renced  method is  sufficiently s e v e r e  to cause reac t ion  fo r  
m o s t  m a t e r i a l s  except  solid Teflon, and the intensi ty  ( o v e r p r e s s u r e )  
of the resul t ing b las t  wave is quantitatively measu red .  Background 
max imum in tens i t ies  of 0.1-0. 4 ps i  a r e  typical for  Teflon; 0 , 2 - 3 . 0  
p s i ,  fo r  Mylar  and Kapton; and 6-40 ps i ,  fo r  ace t a t e  and phenolics.  
1 3  
that  m a y  r e s u l t  f rom rupture  of a p r e s s u r i z e d  oxygen conta iner  
is not known, the possibil i ty of combust ion init iation by such 
shrapnel  cannot be ruled out. Evaluation of such shrapnel  
e f fec ts  would r equ i r e  experimental  tes t ing beyond the scope of 
the p re sen t  p rogram.  
. 
